Abstract-This paper presents an optimization model for mid-term management of a thermal and electricity supply system of an industrial consumer under liberalized energy markets. Electricity is supplied from the electric grid or from a gas engine, while thermal energy is satisfied through a boiler or the mentioned gas engine. The objective is to minimize the overall annual energy supply costs in order to make optimal contracting decisions. Mixed-integer linear programming is applied to solve the problem since binary decision and operation variables have been employed. A realistic case is presented to illustrate the model capabilities.
I. INTRODUCTION
T HE liberalization of energy markets has brought with it significant changes in the energy supply management of industrial consumers. A scheme based on fixed annual tariffs for electric and thermal energy consumers existed prior to the current situation. Nowadays, new contracting opportunities have arisen under liberalized markets. In this new framework, an optimal management is needed to take advantage of these new contracting possibilities, and therefore, minimize the energy supply costs. In this context, retailers have understood the need to build and deliver more sophisticated offerings to their clients such as global energy cost optimization [1] .
In this paper, we present an optimization model devoted to solving the mid-term decision problem of an industrial consumer with different energy supply alternatives. The industrial consumer analyzes and decides some months before the expiration of the current contracts which contract of each type to sign for the following year among the proposed by retailers. Four contract sets are modeled: i) electricity acquisition from the grid; ii) sale of surplus electricity generated by the cogeneration facility; iii) natural gas acquisition for the cogeneration facility; and iv) oil acquisition for the boiler. Each of these sets is composed by different contract types containing contracts of the same format. The scope of the model is a year because of the usual duration of the different contracts.
A cogeneration system fed by natural gas is used as a high performance alternative for electricity and thermal production. Electric and thermal energy can also be supplied by the electric Manuscript grid and by an oil boiler, respectively. Thus, the minimization of the energy supply costs involves system operation and contracting decisions. Cogeneration systems or combined heat and power (CHP) systems have been broadly modeled by optimization models as helpful tools for making decisions in operation, sizing and investment. Daily operation schedule is the most extended problem solved by optimization models concerning cogeneration systems (e.g., [2] and [3] ). In [4] and [5] , a one period economic dispatch handling nonlinear functions is solved. Doztauer [6] and Doztauer et al. [7] treat the economic dispatch and the unit commitment problems simultaneously considering nonlinear cost functions as well.
Few publications combine operation optimization and contract decisions as a whole, as the model presented in this paper does. Illerhaus et al. [8] propose a short-term operation model of a CHP where optimal contracts are to be chosen. Fleten [9] combines hydropower reservoirs management and financial products to mitigate inflow and electricity price uncertainty.
As far as existing types of electricity contracts are concerned, most publications are mainly oriented to wholesale markets (see, for example, [10] and [11] ). However, some of these bilateral contracts, which are not traded through a market, can be adapted to bilateral contracts between retailers and consumers, which correspond to the kind of contracts formulated in the model presented in this paper. Treating specifically retail contracts, Richter [12] classify them attending to consumer risk exposure in his discussion about pricing in retail electricity.
The exposition is organized as follows: modeling issues concerning the proposed model are discussed in Section II. The problem formulation is stated in Section III as a mixed-integer linear programming (MILP) problem. Section IV shows a realistic case study. Finally, the main conclusions are presented in Section V.
II. MODELING ISSUES
The cogeneration system addressed in this paper, see Fig. 1 , is integrated with a gas engine, a heat recovery boiler that makes use of exhaust gases for steam production, and a refrigeration system (e.g., heat exchanger) to regulate the heat released by the high temperature refrigeration circuit which satisfies the hot water demand. Alternatively, an oil boiler can produce the steam and hot water needed.
The problem constraints are related to equipment modeling (i.e., cogeneration system and boiler), the thermal and the electricity balance (i.e., demand supply), and the four contract sets quoted in the previous section. The model can be easily extended in each of the mentioned types of constraints.
On one hand, the main decision to be made with this model is the contract choice for the whole scope and, therefore, contracts are modeled in detail. On the other hand, some simplifications in the annual operation modeling can be allowed as they significantly reduce the problem size without losing relevant information. The simplifications considered are mentioned.
• Linear relations among variables are used for equipment modeling. Gas engines have a quite linear behavior along their operating range, as do the boilers. Thus, this representation can be acceptable, furthermore, taking into account that operation variables represent average values for each period with duration of several hours.
• Temperature and pressure variations are not significant for average values of thermal energy as considered in the presented mid-term problem and, therefore, these variations have been neglected. Consequently, variables that represent thermal energy are exclusively functions of mass flow.
• Start-up and shut-down costs can be neglected in gas engines for mid-term problems.
Other characteristics of the model are:
• Only surplus electricity produced by the cogeneration facility can be sold.
• Oil tanks have no storage capacity.
• The unused thermal energy is lost, it cannot be sold.
• Binary variables are used for equipment (i.e., cogeneration system and boiler) commitment, electricity balance, and contract modeling.
III. PROBLEM FORMULATION
The objective function consists of minimizing the total cost of energy supply. The constraints are related to the boiler and the cogeneration system operation, the electric and thermal energy balance, and the electricity contracts.
Only constraints related to electricity purchase contracts among the four modeled sets are presented, since the other contract types can be considered analogous.
For readability purposes, some specific constraints imposed by the Spanish law concerning efficiency and limits in sales of surplus electricity, which have been included into the computer model, have been omitted in the problem formulation presented in the paper. The list of notations used throughout the paper is compiled in the Appendix.
A. Objective Function
The total cost of energy supply ( ), which is to be minimized, is composed of the operating costs of the boiler ( ) and the cogeneration facility ( ), excluding costs of fuel acquisition, and those corresponding to contracts for acquisition of natural gas ( ), oil ( ), electricity ( ), and the sale of surplus electricity generated by the cogeneration facility ( ).
(1)
B. Boiler Operation
Oil consumption by the boiler ( ) is represented as a linear function of the thermal energy produced ( and ) (2) where represents each period of the model scope, and the boiler commitment status.
Boiler operation limits
Operation costs of the boiler excluding oil consumption (4)
C. Cogeneration System Operation
Electricity ( ), thermal energy generated by exhaust gases ( ), and thermal energy produced by the high temperature refrigeration circuit ( ), can be expressed as linear functions of the fuel consumed by the cogeneration facility ( ) (5) Cogeneration system operation limits (6) Thermal energy produced by the exhaust gas recovery boiler is used to supply steam ( ) and/or hot water demand ( ). Surplus exhaust gases are released into the atmosphere (7) Thermal energy produced by the high temperature refrigeration circuit is used to supply hot water demand ( ). Surplus energy contribution through this circuit is dispelled through a refrigeration system (8) Electricity generated by the cogeneration facility is supplied to the industrial consumer ( ) and/or sold to the electricity market ( ), if surplus energy exists (9) Operating costs of the cogeneration facility excluding natural gas consumption (10)
D. Energy Balance
Figs. 1 and 2 depict thermal and electricity balance, respectively.
1) Electricity Balance: Electricity demand ( ) is supplied by the cogeneration facility or by the grid ( ) (11) It is only allowed to sell the surplus electricity not consumed by the industrial consumer (12) 2) Thermal Balance: Steam demand ( ) can be supplied via the boiler and/or the exhaust gas recovery boiler (13) Thermal energy needed for water heating ( ) can be supplied via the boiler and/or the cogeneration facility. In this last case, energy can be supplied either through the exhaust gas recovery boiler or the high temperature refrigeration circuit (14)
E. Electricity Purchase Contracts
The next constraints are common to all electricity purchase contracts.
Electricity acquisition cost is derived from the chosen contract among the proposed ( )
Only one of the proposed contracts can be chosen if electricity is consumed from the grid, otherwise no contract is signed (16) Electricity consumed is equal to the imputed energy to the chosen contract ( )
Relation between the binary decision variable of each contract (
) and the electricity consumed under this contract
In the following sections, only a few representative contracts have been modeled, even though generalization to several contract types can be easily done.
1) Type 1: Three Sections TOU Rate:
The cost of this contract is derived from the electricity consumption at a price which varies from one period to another (19)
2) Type 2: Fixed Annual Price Plus Bonus/Penalty by Consumption:
The cost of this contract is derived from the annual energy consumption at a price which varies from the reference as a stepwise function of the annual consumption deviation from the reference (see Fig. 3 )
It determines in which segment of the annual consumption deviation (in relation to what has been specified in the contract) lies the industrial customer consumption to to (21) The binary variable ( ) associated with segment in which annual consumption deviation is located, takes value 1 if the contract is formalized (22) Annual consumption deviation in relation to the reference consumption belongs to only one of the defined segments. Thus, if a contract is chosen, the binary variable associated with that consumption segment takes value 1, which allows energy imputation to that contract (23) Electricity imputed to the chosen contract is equal to that which corresponds to the active consumption segment ( )
3) Type 3: Spot Price: The cost of this contract type is derived from the annual consumption at a final spot market price ( ) (25)
4) Type 4: Spot Price Plus Cap and Floor:
The cost of this contract type consists of an annual premium ( ) plus the energy consumption cost. The electricity consumption is paid at a cap price ( ) if this price is lower than the market price, at a floor price ( ) if this price is higher than the market price, or at the market price if this price is located between the cap and the floor prices (see Fig. 4 ).
The binary variable ( ), which shows if segment is active according to the relative position among the spot, floor and cap prices at each period, is 0 if the spot price is not in segment . See equation (27) at the bottom of the page.
Energy consumed at segment ( ) is 0 if the market price does not belong to that segment (28) Electricity market price at each period can only be greater than the cap price, lower than the floor price, or be located between both (29) If the contract is formalized, there is a binary variable whose value differs from 0, and permits energy consumption at a price indicated by segment . The presented model has been tested with realistic data from a paper cellulose factory located in Spain. The cogeneration system employed is a gas engine which is widely spread in Spain due to its small size (around 2 MW of electric output), operation flexibility, demand structure of consumers, etc. [13] , [14] . An oil boiler with enough capacity to supply the total steam and hot water demand is also available.
The goal pursued by the industrial consumer is to minimize the global energy supply cost of the factory. The decision concerning which contracts to sign for the following year among those proposed by the retailers has to be made. One contract of each of these types has to be chosen: i) electricity acquisition; ii) oil acquisition for feeding the boiler; iii) natural gas for feeding the gas engine; and iv) surplus electricity sale. The energy supply system (e.g., boiler and cogeneration system) operates in an optimal way. Thus, overall optimization involving contracting decisions and energy supply system operation must be done.
The scope of the model is one year since this is the duration of the contracts. The factory has a flat load shape in working days so, in order to reduce the number of periods of the problem, four representative days per month are used. These are the combination of weekend and working days according to the Spanish calendar for electricity tariffs, and factory on/off status. Four periods per representative day are used for the working days and three for the others. The total number of periods modeled is 112 of 168 possible, since the factory production does not stop every month.
Monthly prices have been considered for oil and natural gas, while for electricity acquisition and surplus sale prices differ from one period to another. Fig. 5 shows the oil and the natural gas prices implemented in the model. In this figure, electricity prices depicted are monthly average prices of maximum, average, and minimum daily prices.
Steam at 170 C and 8 kg cm supplies digesters and paper dryer machines, while hot water at 90 C is demanded for sodium hydroxide heating. The thermal peak demand including steam and hot water is 1.9 MW, while the thermal production capacity is the following: i) boiler with 2.2 MW; ii) heat recovery boiler with 1.6 MW; and iii) high temperature refrigeration circuit with 0.9 MW. The maximum electricity produced by the gas engine is 2.8 MW whereas the industrial peak load is 1.2 MW, so surplus electricity can be sold.
One contract per type is modeled as shown in Tables I-IV . Oil and natural gas contracts have the same format as types 2 and 4 of electricity acquisition, while surplus sale contracts have the same format as types 1 and 3 of electricity acquisition.
The MILP problem formulated has been implemented via an algebraic modeling language called GAMS [15] , and has been solved by the solver CPLEX which uses branch and bound algorithm as the solution method. The first binary variables branched by the solver have been the decision variables corresponding to contract selection. This choice reduces time execution because of its main importance in the optimal solution. The resulting optimization problem contains 6162 variables, 881 of which are binary, 3969 restrictions and 40 690 non zero elements. It takes The optimal contracts obtained with the mentioned input data have been: type 4 for electricity acquisition, type 2 for surplus electricity sale, and type 1 for oil and natural gas purchase. Costs of these optimal contracts are shown in Table V . The optimal output values of the main operation variables are outlined in Table VI .
To show the decision change capabilities of the presented model, a 6% drop in cap and floor prices in natural gas type 2 contract is performed. This variation makes the modified contract to be chosen among the optimal ones, resulting in an objective function value of 593.1.
V. CONCLUSION
This paper presents a mid-term MILP model for the overall optimization of the operation of an energy supply system, and the contracting policies related to energy purchase/sale of an industrial consumer under liberalized energy markets. Contracts are formalized at the beginning of the problem horizon. Global energy supply cost, which is to be minimized, includes operation and maintenance costs.
The high level of detail shown in the modeling for the type of problem presented in this paper represents an improvement from previous works. Mainly, a significant set of contracts is rigorously modeled. Despite the increased complexity of the problem formulation compared with previous models, the problem can be solved with standard methods in a reasonable time.
The proposed model can be a useful tool for industrial consumers with electric and/or thermal energy demand supplied by the electric grid and/or a cogeneration system and/or a boiler when deciding among different energy contract offers. Retailers can also take advantage of the proposed tool for evaluating the best integrated contracting solution for a particular consumer, as well as for testing new contract types of electricity and/or fuels. Cogeneration facility investment analysis based on the operation results given by the model can also be a useful application.
A realistic case study has been successfully implemented and analyzed to validate the presented model. Future works will focus on modeling issues concerning uncertainty derived from fuel and electricity price forecasting. Risk management will be taken into account in decision policies involving contracts under uncertainty.
APPENDIX
The list of notations used throughout the paper consists of the following
A. Sets periods (
); electricity purchase contracts of type ( ); types of electricity purchase contracts ( ); period indexes corresponding to each time-of-use (TOU) rate period ; periods corresponding to peak, plateau, and off-peak load, of a three sections TOU rate ( ); periods ( ) corresponding to the twelve months of the year; segment indexes ( ) corresponding to type 2 of electricity purchase contracts; segment indexes corresponding to type 4 of electricity purchase contracts. 
